ABSTRACT We analyzed mate recognition and the cooperative behavior of maleÐfemale pairs in Canthon cyanellus cyanellus LeConte (Coleoptera: Scarabaeidae), a carrion-feeding scarab, during food ball rolling among Þve populations found in tropical forest fragments on the eastern coastal plains of Mexico. Sexual recognition in this species is mostly mediated by chemical cues. Intrapopulation and maleÐfemale pairs formed with individual from populations Ͻ400 km apart showed cooperative behavior (joint rolling of the food ball by both members). However, maleÐfemale pairs from populations Ͼ400 km apart showed no cooperative behavior (individual food ball rolling by one of the partners and Þghts), although they also rolled food balls together. In maleÐfemale pairs from the more distant populations (Ն600 km apart), Ͼ50% fought for food balls. Brood ball production by females and the number of eclosed beetles from the northern population and from the crosses between individuals from the most distant populations were lower than those of other intra-or interpopulation combinations. Gas chromatograph mass spectroscopy of cuticular extract showed that the southern population had 48 surface compounds, 18 of them not present in the northern or intermediate populations. The intermediate population had 41 compounds, 11 of them exclusive. However, the northern population had 24 compounds and only one was exclusive. The lack of cooperative interaction among maleÐfemale pairs from distant populations, along with their reduced reproductive success and the differences in cuticular composition between populations, suggest that extreme populations of Canthon c. cyanellus are in a process of incipient speciation.
Recent studies of the evolutionary forces involved in speciation suggest that only a few mechanisms are responsible for this phenomenon (Schluter 2001) . The most widely accepted idea is that reproductive isolation is a consequence of adaptive divergence among populations (Mendelson 2003, Vines and Schluter 2006) . Isolation offers the potential for adaptation to the local environment. Spatially separated populations follow different sexual selection processes, and their separation favors reproductive barriers (Boake et al. 1998 , Del Campo et al. 2003 . Reproductive isolation from other species or from allopatric populations of the same species can occur at the prezygotic or postzygotic level (Panhuis et al. 2001) .
Geographical, ecological, seasonal, morphological, physiological, or ethological factors are responsible for prezygotic isolation. Sexual isolation occurs when geographical separation produces different modes of courtship between males and females, including chemical, visual, tactile, and auditory signals (Paillette et al. 1997 , Ritchie et al. 1999 , Rybak et al. 2002 . These signals may be exclusive to each species and can vary among populations (Paillette et al. 1997) . Thus, on analyzing sexual isolation among populations, it is important to distinguish between the effects of natural selection and sexual selection forces. Natural selection operates independently of mating system (Miller et al. 1998 , Noor et al. 2000 . Subspecies or new species are formed after natural selection has led to differences in sexual recognition between individuals of different populations (Michalak et al. 1997 , Schluter 2001 , Etges 2002 .
The formative phase in the history of species is frequently extrapolated to compare closely related species, which, because of their relatedness, are supposed to have speciated recently. A more difÞcult approach is to attempt to identify incipient speciation within what seems to be, by most criteria, a single species (Schluter 2000) . Canthon cyanellus LeConte (Coleoptera: Scarabaeidae) is a carrion ball roller scarab found from Brazil to southern Texas. Owing to its large distribution, several subspecies have been proposed according their coloration (Halffter 1961) . In Mexico Canthon cyanellus cyanellus lives in the tropical forest of the south, and on the eastern and western coastal plains (Halffter et al. 1992) . The reproductive period of this subspecies is from May to September, the rainy season (Halffter et al. 1983 , Favila and Dṍaz 1996 , Villalobos et al. 1998 ). Individuals locate vertebrate carcasses by their odor, and initial sexual interactions occur at the carcass. Sexual recognition is mostly mediated by cuticular compounds, putatively hydrocarbons (Ortiz-Domṍnguez et al. 2006) . When same-sex or opposite-sex individuals meet, they make head-to-head contact, extending their antennae and maxillary palpi, or even touch the body of the other individual with the antennae. Samesex individuals Þght Þercely for the food ball, but if the meeting is between a male and a female, cooperatively they will cut and roll a food ball for nesting (Favila 1988a, Favila and Dṍaz 1996) . M.E.F. (unpublished data) has observed the behavior of males and females collected in tropical forests from the east coast of Mexico, but from sites 600 km apart: maleÐfemale pairs from the same population cooperatively rolled a food ball, but the female from the northern population (Gó mez Farṍas, Mexico) always refused the male from the southern population (Los Tuxtlas, Mexico). Such observations suggested that there was either difÞculty in the sexual recognition of or discrimination against geographically separated potential mates among individuals from distant populations.
In this study, we analyze premating behavior during sexual encounters and food ball rolling of male and female pairs of individuals belonging to Þve separated populations of Canthon c. cyanellus found over a latitudinal gradient on the eastern coastal plains of Mexico. Because sexual recognition in this species is mostly mediated by cuticular compounds, cuticular chemical composition was compared among the populations. To evaluate potential postmating reproductive isolation, reproductive success (measured as brood ball production by the female and survival of eclosed beetles) was compared in maleÐfemale pairs belonging to the same population and for pairs in which each sex belonged to a different population.
Materials and Methods
The accelerated process of deforestation in Mexico has produced a landscape dominated by pastures where forest fragments are maintained to provide shade for cattle. This is particularly true of the eastern coastal plain, where the original continuous distribution of C. c. cyanellus on this plain is now mostly restricted to these forest fragments (Halffter et al. 1992) .
To adequately represent the separate populations from along a latitudinal gradient on the eastern coastal plains of Mexico, pitfall traps were baited with Þsh and set in the soil to capture carrion beetles at the following localities ( are also found in pastures near the fragments (Halffter et al. 1992) . The Þrst locality was in the ÔLos TuxtlasÕ biological research station (National Autonomous University of Mexico) located within the Los Tuxtlas Biosphere Reserve, and the last site is located in the ÔEl CieloÕ Biosphere Reserve (University of Tamaulipas). There are visible differences between some populations in the morphology of their cuticular color and texture. We focused our attention on elytral variation in three of the populations analyzed: specimens from Los Tuxtlas, the southern site, have shiny green elytra with a smooth interpunctual surface and feebly punctuate elytral striae. The elytra of the Papantla specimens, the intermediate site, are blue or matte green, but the interpunctual surface is generally Þne shagreening with punctuate elytral striae. The elytra of the Gó mez Farṍas specimens, the northern site, are shiny green with a smooth interpunctual surface and punctuate elytral striae. Specimens from each population were put in containers with moist soil in a rearing room at 27ЊC, 70 Ϯ 10% RH, and a photoperiod of 12:12 (L:D) h. We followed the rearing protocol of Favila (1993) . Experiments were conducted in another insectarium under the same conditions as those of the rearing room. Because it is not possible to distinguish the sex of these beetles with the naked eye, sex identiÞcation was done beforehand under the microscope. Then, in each experiment, one elytrum of one member of the pair was marked with a small spot of latex paint (known to not affect behavior; Favila 1988b). Experiments were conducted from 0900 to 1300 hours, the most active rolling period of the day for this species (Favila and Dṍaz 1996) .
Intra-and Intersite Sexual Recognition. MaleÐfe-male pairs were randomly selected from each site, and each one pair was placed in an observation arena (10-by 2-cm petri dish lined with Þlter paper and a 2 g of Þsh meat ball). As we were interested in observing the behavior of an individual of each sex in the presence of an individual of the opposite sex from the same or another site, we made 25 combinations (male from population A with female from population B and vice versa, male from C and vice versa, and so on), including intra-and interpopulation combinations (unequal n for each combination is indicated in Table 1 ). Time until interaction was measured as the elapsed time (in seconds) between introducing the pair into the arena and the beginning of maleÐfemale interaction on the food ball. Time to rolling was measured as the number of seconds that elapsed between the beginning of the maleÐfemale pair interaction on the food ball and ball rolling by one or both partners. The sex of the individual that rolled the food ball was recorded. We considered the rolling of the food ball by both individuals as cooperative behavior, but always during this joint rolling one of the partners, usually the male, rolls the ball while the other partner is transported on the ball. The frequency of the following noncooperative behaviors also was analyzed: 1) avoidance: when one individual rolled the food ball alone and did not allow the other member to climb on the ball; 2) pushing: when one individual attempted to climb on the food ball, and the other pushed it back by "butting" it; and 3) Þghts: both male and female fought for the ball, on some occasions cutting it so that each beetle rolled an independent fragment of food. Once the pair had made contact on the food ball, the total observation time lasted 5 min. An analysis of variance (ANOVA) was used to analyze time until interaction and rolling occurred, both among populations and for combinations. The frequency of each noncooperative interaction was analyzed with the G test (Sokal and Rohlf 1981) Reproductive Success among Populations. We did not know the age and reproductive condition of specimens collected in the Þeld. Therefore, we allowed pairs of the F 1 of the laboratory strains originally collected from the Þve sites and more distant combinations (where noncooperative behaviors were more frequently observed; see Results) to mate. MaleÐfe-male pairs were 20 Ð30 d old, the optimal age for nesting in this species (Favila 1993) . Each maleÐfe-male pair was placed in a plastic nesting box (9 by 9 by 8 cm) containing 2.5 cm of moist soil and a piece of Þsh suitable for reproduction (Ϸ1 g). Pairs were fed Þsh every other day, and brood ball production was followed for 40 d, the most active period in the reproductive life of a female under laboratory conditions. After this period, females tend to produce brood balls sporadically and offspring survival is low (Favila 1993) . We measured the elapsed time between the introduction of the pair to the nesting box and the construction of the Þrst brood ball. The total number of brood balls produced by a female was considered a measure of fecundity, and the number of beetles eclosed from the brood balls as a measure of fertility. Every variable was analyzed using a KruskalÐWallis test.
Chemical Analysis. Elytra from Þve males and Þve females of the populations that were furthest apart (Gó mez Farṍas and Los Tuxtlas) and one intermediate population (Papantla) were individually put into Wheaton vials containing 1 ml of hexane (HPLC grade, Sigma-Aldrich, St. Louis, MO). Every vial was gently shaken on a shaker table for 1 min and left at 4ЊC for 24 h. Next, the elytra were removed from the vials and the solvent was evaporated using N 2 . Then, 50 l of hexane was added to each vial along with pentadecane (n-C15) as an internal standard. A 2-l sample was injected into a HewlettÐPackard G1800B GC equipped with a fused silica capillary column (HP-5) cross-linked with 5% methylsiloxane (0.25 mm ϫ 30 m) and 0.25-m Þlm thickness, supplied by Agilent (Mexico, D.F.) with helium as the carrier gas at a ßow rate of 1 ml/min. We optimized the separation of extracted compounds by using a column temperature proÞle in which the analysis began at 70ЊC, was increased 20ЊC/min to 190ЊC, increased again 10ЊC/min to 250ЊC, and then increased 30ЊC/min to 280ЊC, and that temperature was held for 10 min. With the presenceÐabsence matrix of compounds we applied the simple matching coefÞcient. The relationship among individuals belonging to the three populations was represented using average linkage cluster analysis (unweighted pair-group method with arithmetic average).
Results
Intra-and Interpopulation Sexual Recognition. We did not Þnd signiÞcant differences in the time until interaction occurred among the maleÐfemale combinations (F ϭ 1.24, df ϭ 24, P ϭ 0.20). However, time to rolling was signiÞcantly different among treatments (Table 1 ; H ϭ 56.36, df ϭ 24, P Ͻ 0.001). Pairs from Palma Sola began to roll the food ball faster than pairs belonging to the Papantla-Gó mez Farṍas and Palma Sola-Tancoco combinations. Pairs from Papantla began to roll faster than pairs from the Palma Sola-Tancoco combination. MaleÐfemale pairs from the same populations always showed joint rolling behavior, only for one pair from Los Tuxtlas and one pair from Palma Sola was pushing (a noncooperative behavior) observed during joint rolling (Table 1) ; in both cases the female pushed the male.
Joint rolling was observed in all the pairs from interpopulation combinations, but there was also noncooperative behavior in 19 of these combinations. There was a clear correlation between the frequency of noncooperative behavior and the geographic distance between populations (Pearson coefÞcient; r ϭ 0.727, P Ͻ 0.001). However, only in three of these combinations (male from Gó mez Farṍas/female from Palma Sola, male from Gó mez Farṍas/female from Los Tuxtlas, and male from Los Tuxtlas/female from Gó mez Farṍas) was the frequency of noncooperative behaviors signiÞcantly higher than in pairs from the other combinations (Table 1 ; G ϭ 109.47, df ϭ 24, P Ͻ 0.05). Individuals in these combinations belonged to the most distant populations. For the combination with the male from Gó mez Farṍas and the female from Palma Sola in 45% of the pairs formed, females rolled the food ball alone, preventing the males from climbing onto the food ball by pushing them off with their heads. In 25% of these combinations Þghts for the food ball were observed. However, for the inverse combination (male from Palma Sola/female from Gó mez Farṍas), joint rolling was frequently observed (Table  1) , except in two pairs (6%) where the females rolled the ball alone and prevented the males from climbing onto the food ball. In contrast, for both combinations from Los Tuxtlas and Gó mez Farṍas, a signiÞcant number of noncooperative behaviors were observed. In the male from Gó mez Farṍas/female from Los Tuxtlas combination, males exhibited signiÞcantly more noncooperative behavior than females (67 versus 8% respectively, Fisher test ϭ 0.05). However, in the male from Los Tuxtlas/female from Gó mez Farṍas combination, 70% of the females exhibited noncooperative behavior with males (Fisher test ϭ 0.02), whereas males did not show any noncooperative behavior. In general, individuals from Gó mez Farṍas showed more noncooperative behaviors toward individuals from the opposite sex of Los Tuxtlas than vice versa (69 and 5%, respectively, Fisher test ϭ 0.0015).
Reproductive Success among Populations. Fecundity was different among populations ( Fig. 2 ; H ϭ 21.77, df ϭ 5, P Ͻ 0.05). The fecundity of females from Gó mez Farṍas and that of the Los Tuxtlas-Gó mez Farṍas combination was signiÞcantly lower than those of Los Tuxtlas, Palma Sola, and Papantla ( Fig. 2 ; Q test, P Ͻ 0.05 in all three cases). Female fertility was also signiÞcantly different among the populations ( Fig. 3 ; H ϭ 19.76, df ϭ 5, P ϭ 0.001). The fertility of females from Los Tuxtlas was higher than fertility from Gó mez Farṍas and Palma Sola ( Fig. 3 ; Q ϭ 3.6, P Ͻ 0.05). Although the fecundity of females belonging to the Los Tuxtlas-Gó mez Farṍas combination was the lowest (maximum four brood balls per female), their fertility was high and not signiÞcantly different from that of the other populations (Ϸ80% offspring survival).
Chemical Analysis. The southern population of Los Tuxtlas had 48 cuticular compounds. Twenty-one compounds were exclusive to females, but only two compounds were exclusive to males. The other 25 compounds were shared by individuals of both sexes. The intermediate population (Papantla) had 41 compounds; nine exclusive to females and three exclusive to males. Both sexes shared 29 compounds. The north- Fig. 1 ) and brood ball production by females from Gó mez Farṍas mated with males from Los Tuxtlas (GF-TX). The other abbreviations are Papantla (PP), Palma Sola (PS), and Tancoco (TN). Brood ball production by females from the GF population and from the GFÐTX combination was signiÞcantly lower than that of the other populations (DunnÕs method; P Ͻ 0.05). Mean concentration in micrograms per milliliter (minimum and maximum value). Minimum value is 0, except where another value is indicated.
Italics indicate compounds exclusive to sex for a given population as follows: 1, females from all the populations; 2, males from all the populations; 3, females from Los Tuxtlas and Papantla; 4, females from Los Tuxtlas and Gó mez Farṍas; 5, females from Papantla and Gó mez Farṍas; 6, males from Los Tuxtlas and Papantla; 7, Males from Los Tuxtlas and Gó mez Farṍas; 8, males from Papantla and Gó mez Farṍas. ern population of Gó mez Farṍas had 24 compounds. No compounds were exclusive to females, whereas 11 compounds were exclusive to males. Thirteen compounds were shared ( Table 2) .
The comparison among populations showed that individuals of Los Tuxtlas had 18 compounds not present in individuals of Papantla or Gó mez Farṍas. Individuals of Gó mez Farṍas had only one compound shared by both sexes that was not present in the Los Tuxtlas or Papantla populations. Individuals from Papantla had 11 compounds not present in the Gó mez Farṍas or Los Tuxtlas populations. In general, both sexes from the three populations shared six cuticular compounds. The chemical analysis showed no quantitative differences in shared compounds between the populations or between the sexes of each population (Table 2) .
Two groups were formed with the Simple Matching CoefÞcient (Fig. 4) . One group has females from Los Tuxtlas. The other group has two subgroups, one with males and females from Papantla and the other with males and females from Gó mez Farṍas that were more related to males from Los Tuxtlas (Fig. 4) .
Discussion
In C. c. cyanellus, the behavior during sexual encounter and food ball rolling by intrapopulation pairs was mostly cooperative. However, although most of the pairs of individuals belonging to different localities also were able to roll cooperatively, noncooperative behaviors increased signiÞcantly with distance, suggesting that individuals prefer similar mates to mates from other populations. This was very clear in maleÐ female pairs of individuals from Ͼ600 km apart that were unwilling to roll a food ball with a partner, either keeping it away from the partner or Þghting, instead of rolling the food ball cooperatively for nesting. These noncooperative behaviors are similar to those observed between individuals of the same sex (Favila 1988a) , but in this case they act as behavioral precopulatory barriers. The increased conßict during sexual encounters between males and females from distant populations suggests that an incipient process of speciation is occurring in C. c. cyanellus.
Reproductive success was low in females from Gó mez Farṍas and in Gó mez Farṍas-Los Tuxtlas combinations. Pairs were fed Þsh because this type of food has been successfully used in our C. c. cyanellus breeding program (Favila 1993) . However, when pairs from Gó mez Farṍas and those from the Gó mez Farṍas-Los Tuxtlas combinations were feeding, we observed that after two to eight brood balls had been made, the pair did not use the food for nesting, thus reducing their fecundity. In general, C. c. cyanellus breed using small vertebrate corpses (Halffter et al. 1983, Favila and Dṍaz 1996) . However, Villalobos et al. (1998) found that individuals from Gó mez Farṍas are able to eat and breed by using carcasses of Orthoporus ornatos Girard (Spirostreptida: Spirostreptidae), a common diplopod in this region. This behavior, together with our results, suggests that individuals from Gó mez Farṍas may have become very specialized in eating and nesting with Diplopoda as a local adaptation. However, although fecundity was low for the females from Gó mez Farṍas and the Gó mez Farṍas-Los Tuxtlas combinations, offspring survival was high, so there is no evidence of postmating isolation in the interpopulation crosses. Unfortunately, the low number of eclosed beetles obtained in these combinations did not allow us to cross the F 2 generation.
According to the ecological theory of speciation, reproductive isolation ultimately evolves as a consequence of divergent natural selection on traits between environments (Schluter 2001) . If intrademic mate recognition systems are similar to species recognition systems, divergence in signaling systems can lead to premating isolation when geographically iso- lated populations have secondary contact (Blows and Allan 1998 , Greenberg et al. 2003 , Nosil 2004 . For example, hydrocarbons are involved in the mate recognition system of Drosophila mojavensis Paterson (Diptera: Drosophilidae) (Etges 1998) , but this species shows regional variation associated with switching hosts. This has led to premating isolation among geographically isolated populations (Etges and Ahrens 2001) . In C. c. cyanellus, the most important signaling system during sexual recognition is chemical via cuticular compounds (Ortiz-Domṍnguez et al. 2006) . Males and females from Gó mez Farṍas had the lowest number of cuticular compounds and were most aggressive with partners from the most distant population (Los Tuxtlas), which had the highest number of compounds. The reduction in compounds could limit the beetleÕs ability to recognize individuals of the opposite sex from Los Tuxtlas, which have the most complex blend of cuticular compounds. We hypothesize that switching in food preferences from carcasses of small vertebrates to Diplopoda carcasses in individuals from the Gó mez Farṍas population could modify the quality and quantity of their cuticular compounds and produce the difÞculties observed in accepting individuals from Los Tuxtlas and Palma Sola. Because Canthon c. cyanellus males recognize females by odor, but females recognize individuals of the opposite sex by other unknown behavioral cues as well (Ortṍz-Dominguez et al. 2006 ), we do not discard the possibility that another system of signals also could be involved in sexual recognition, and these signals may have affected our results. Solṍs and Kohlmann (2002) suggest that all Canthon cyanellus subspecies from South America to Texas should disappear. However, our results show that for the subspecies C. c. cyanellus, prezygotic isolation could occur between distant populations when there is secondary contact. Owing to the ample distribution of C. cyanellus in the Americas, it is possible that the southern populations will have greater difÞculties in sexual recognition if they come into contact with northern populations. So, we think that, at present, it is not convenient to eliminate the subspecies of C. cyanellus, but rather to reanalyze them in the context of Avise and Ball (1990) , who consider subspecies as members who share a unique, geographic locale; a set of phylogenetically concordant phenotypic characters; and a unique natural history relative to other subdivisions of the species but that are reproductively compatible with other such groups. Phylogenetic distinction must be based on the distributions of several, independent genetically based traits (Miththapala et al. 1996) , not only on morphological traits, as has been done with C. cyanellus.
In summary, the experiments here presented suggest that premating isolation is result of local adaptation, related to a switch in food preferences. If that is the case, future studies should analyze the factors related with this switch. Comparison with other southern populations will be crucial to determining whether this species is still cohesive or is in a process of Þssion, or whether there are even a complex of cryptic species that are difÞcult to distinguish morphologically.
